Francisella t u l a r e n s i s and related intracellular pathogens synthesize lipid A molecules that differ from their Escherichia coli counterparts. Although a functional orthologue of lpxK, the gene encoding the lipid A 4′-kinase, is present in Francisella, no 4′-phosphate moiety is attached to F r a n c i s e l l a lipid A. We now demonstrate that a membrane-bound phosphatase present in Francisella novicida U112 selectively removes the 4′-phosphate residue from tetra-and penta-acylated lipid A molecules. A clone that expresses the F. novicida 4'-phosphatase was identified by assaying lysates of E. coli colonies, harboring members of a F. novicida genomic DNA library, for 4′-phosphatase activity. Sequencing of a 2.5-kb F. novicida DNA insert from an active clone located the structural gene for the 4'-phosphatase, designated lpxF. It encodes a protein of 222 amino acid residues with six predicted membrane-spanning segments. Rhizobium leguminosarum and Rhizobium etli contain functional lpxF orthologues, consistent with their lipid A structures. When F. novicida LpxF is expressed in an E. coli LpxM mutant, a strain that synthesizes penta-acylated lipid A, over 90 % of the lipid A molecules are dephosphorylated at the 4′-position. Expression of LpxF in wildtype E. coli has no effect, because wildtype hexa-acylated lipid A is not a substrate. However, newly-synthesized lipid A is not dephosphorylated in LpxM mutants by LpxF when the MsbA flippase is inactivated, indicating that LpxF faces the outer surface of the inner membrane. The availability of the lpxF gene will facilitate re-engineering lipid A structures in diverse bacteria.
Francisella t u l a r e n s i s and related intracellular pathogens synthesize lipid A molecules that differ from their Escherichia coli counterparts. Although a functional orthologue of lpxK, the gene encoding the lipid A 4′-kinase, is present in Francisella, no 4′-phosphate moiety is attached to F r a n c i s e l l a lipid A. We now demonstrate that a membrane-bound phosphatase present in Francisella novicida U112 selectively removes the 4′-phosphate residue from tetra-and penta-acylated lipid A molecules. A clone that expresses the F. novicida 4'-phosphatase was identified by assaying lysates of E. coli colonies, harboring members of a F. novicida genomic DNA library, for 4′-phosphatase activity. Sequencing of a 2.5-kb F. novicida DNA insert from an active clone located the structural gene for the 4'-phosphatase, designated lpxF. It encodes a protein of 222 amino acid residues with six predicted membrane-spanning segments. Rhizobium leguminosarum and Rhizobium etli contain functional lpxF orthologues, consistent with their lipid A structures. When F. novicida LpxF is expressed in an E. coli LpxM mutant, a strain that synthesizes penta-acylated lipid A, over 90 % of the lipid A molecules are dephosphorylated at the 4′-position. Expression of LpxF in wildtype E. coli has no effect, because wildtype hexa-acylated lipid A is not a substrate. However, newly-synthesized lipid A is not dephosphorylated in LpxM mutants by LpxF when the MsbA flippase is inactivated, indicating that LpxF faces the outer surface of the inner membrane. The availability of the lpxF gene will facilitate re-engineering lipid A structures in diverse bacteria.
Francisella tularensis is an intracellular Gram-negative pathogen that causes tularemia, a severe and often fatal pulmonary infection of humans and animals (1, 2) . Francisella novicida U112 is an environmental isolate that is relatively easy to grow and much less virulent (3) . It is a model system for studying F. tularensis biochemistry. The lipopolysaccharide (LPS) of F. tularensis and F. novcida shows low toxicity when compared to E. coli LPS (4, 5) . This phenomenon may be due to the unusual structure of the lipid A moiety of Francisella LPS (Fig. 1) , which is tetraacylated and lacks the 4′-phosphate residue (6, 7) . In contrast, E. coli lipid A ( Fig. 1 ) is hexa-acylated and is phosphorylated at both the 1-and 4′-positions (8, 9) . E. coli lipid A is a potent activator of toll-like receptor 4 (TLR-4) of the mammalian innate immune system (10, 11) . The phosphate groups of lipid A are crucial for this bioactivity (12, 13) . Lipid A variants lacking both phosphate groups are inactive. Monophosphorylated lipid A analogues retain some of the immuno-stimulatory properties of native lipid A, but they are not toxic and are often used as adjuvants (14-17).
Although they possess an orthologue of LpxK, the kinase that incorporates the lipid A 4′-phosphate group (18, 19) , F. tularensis and related organisms synthesize lipid A molecules lacking the 4′-phosphate moiety (6, 7) . Similar phosphate-deficient lipid A variants have been reported in the plant endosymbionts Rhizobium etli and Rhizobium leguminosarum (20) (21) (22) . A specific lipid A 4′-phosphatase is present in the membranes of these organisms (23) (24) (25) , but the structural gene encoding the 4′-phosphatase has not been identified.
We have recently cloned an inner membrane phosphatase, designated LpxE, from F . novicida (26) that selectively removes the 1-phosphate group of lipid A. We now report the expression cloning of a distinct F. novicida 4′-phosphatase by assaying members of a F. novicida U112 genomic DNA library (26) harbored in E. coli. Because E. coli does not contain an endogenous 4′-phosphatase (23) , pools of five extracts were prepared from individual clones of the library and assayed for 4′-phosphatase activity. A single colony (XW4/pXYW4), expressing high levels of 4'-phosphatase, was identified and characterized. Sequencing of a 2.5-kb F. novicida DNA insert present in pXYW4 revealed the structural gene (lpxF) for the 4'-phosphatase. The sequence of LpxF, a protein of 222 amino acids, is not closely related to that of LpxE (26) (27) (28) , but both enzymes contain six predicted transmembrane segments and share two of the three catalytic motifs found in many other lipid phosphate phosphatases (29) . The lpxF gene was overexpressed in E. coli to produce large amounts of catalytically active enzyme. LpxF dephosphorylates the 4′-position of penta-and tetra-acylated lipid A species, but not of the hexa-acylated lipid A normally made by wild-type E. coli. Expression of lpxF in E. coli MLK1067, a strain that synthesizes penta-acylated lipid A because of a mutation in the lpxM gene (30) , results in the production of lipid A molecules that are almost completely dephosphorylated at the 4′-position. Unlike lipid A biosynthesis per se, the activity of LpxF is dependent upon the MsbA transporter in living cells (26, 31) , indicating that its active site faces the periplasm. The availability of the lpxF gene should facilitate the re-engineering of lipid A structures in diverse Gramnegative bacteria and may prove useful for vaccine development.
Corp. Bicinchoninic (BCA) protein assay reagents (32) were from Pierce. E. coli phospholipids were purchased from Avanti.
Bacterial Growth Conditions and Membrane Preparation-F. novicida U112 was grown at 37 °C in 3% trypticase soy broth supplemented with 0.1% cysteine (33) . E. coli strains were grown at 37 °C or 30 °C in LB broth (1% tryptone, 0.5% yeast extract and 1% NaCl) (34) with one of the following antibiotics, as appropriate: ampicillin (100 µg/ml), chloramphenicol (30 µg/ml), and kanamycin (30 µg/ml). Table I describes the various bacterial strains and plasmids used.
The same procedures were used to prepare membranes from either F . novicida or E. coli. Typically, 100 ml cultures were grown to A 600 of 1.0. The cells were harvested by centrifugation at 4°C
. All subsequent steps were carried out at 4 °C or on ice. The cell pellets were washed with 50 mM HEPES, pH 7.5, and resuspended in 10 ml of the same buffer. The cells were disrupted by one passage through a French pressure cell at 18,000 psi, and unbroken cells were removed by centrifugation at 10,000 x g for 20 min. The membranes were collected by centrifugation at 100,000 x g for 1 hr, washed once by suspension in 10 ml of 50 mM HEPES, pH 7.5, and then resuspended in the same buffer at a protein concentration of about 5 mg/ml. The cytosol was double-spun. Protein concentrations were determined by the bicinchoninic acid assay with bovine serum albumin as the standard (32) .
Preparation of Lipid IV A -The substrate [4′-
32 P]-lipid IV A was generated from [γ-
32 P]-ATP and the tetraacyldisaccharide 1-phosphate using the overexpressed lipid A 4'-kinase present in membranes of E. coli BLR(DE3)/pLysS/ pJK2 (18, 25) .
Lipid IV A carrier was isolated from a triple mutant of E. coli MKV15, which makes lipid A lacking secondary acyl chains (30) . Briefly, the cells were grown, harvested by centrifugation, and washed with phosphate-buffered saline. Glycerophospholipids were extracted with a single-phase Bligh-Dyer mixture. The lipid IV A was recovered from the cell residue by a second Bligh-Dyer extraction following hydrolysis at 100 °C in sodium acetate buffer, pH 4.5, in the presence of 1% SDS (35) . The lipid IV A was then purified by chromatography on a DEAEcellulose column, followed by a C18 reverse phase column, as described previously (36, 37) .
Assay for the 4′-Phosphatase of F. novicida-The 4′-phosphatase was assayed at 30 °C. The reaction mixture contains 50 mM potassium phosphate, pH 6, 0.1% Triton X-100, 0.1 mg/ml E. coli phospholipids, and 10 µM [4′-32 P]-lipid IV A (3000-6000 cpm/nmol). The reaction was terminated by spotting 5 µl samples onto a silica TLC plate. The plate was developed in the solvent of chloroform, pyridine, 88% formic acid, water (50:50:16:5,v/v/v/v). After drying and overnight exposure of the plate to a PhosphorImager screen, product formation was detected and quantified with a Molecular Dynamics Storm PhosphorImager, equipped with ImageQuant software.
Expression Cloning of the F. novicida 4′-Phosphatase Gene lpxFRecombinant DNA manipulations were carried out according to standard protocols (38, 39) . Genomic DNA was isolated from F. novicida U112 using the Easy DNA kit. Typically, 50 µ g of genomic DNA was partially digested with 4 units of Sau3AI in 200 µl at 37 °C for 1 hr. The reaction was then incubated at 65°C for 20 min to inactivate the enzyme. The products were resolved on a 1% agarose gel, and the 2-6-kb DNA fragments were excised and purified using the Gel Extraction kit. Plasmid pACYC184 was opened with B a mHI, purified by gel electrophoresis, and treated with shrimp alkaline phosphatase. The 2-6-kb DNA fragments were then ligated into pACYC184 at 16 °C overnight in a 25 µl reaction mixture, containing 200 ng genomic DNA fragments, 200 ng pACYC184 vector, and 2 units of T4 DNA ligase (26) . E. coli XL1-Blue cells were transformed by electroporation with the ligation mixture, and chloramphenicol-resistant colonies were selected on LB plates. About 15,000 colonies were pooled using a cell scraper and transferred into 250 ml fresh LB broth, containing 30 µ g/ml of chloramphenicol. Cells were grown to saturation, and then 2 ml stocks adjusted to 16 % glycerol were prepared and stored at -80 °C.
To screen for the 4′-phosphatase gene, a glycerol stock of the library was diluted to obtain about 200 colonies per LB plate, containing 30 µ g / m l chloramphenicol. The plates were incubated at 37 °C overnight. The single colonies were inoculated into 6 ml LB broth and grown overnight. Next, 1 ml portions of the overnight cultures were stored as glycerol stocks. The remaining 5 ml portions of the overnight cultures were pooled into groups of five. Cell free extracts were then prepared from the pools and assayed for 4′-phosphatase activity. A total of 200 pools were assayed over the course of three weeks. The individual clones from one (out of a total of two positive pools) with measurable 4′-phosphatase activity were recovered and grown individually to late log phase in 50 ml LB broth containing 30 µg/ml chloramphenicol. The cell-free extracts of these cultures were again assayed for 4′-phosphatase. Only one positive clone expressing the 4′-phosphatase activity was found and was designated as XW4.
The hybrid plasmid (pXYW4) present in XW4 was isolated using the Qiagen Spin Miniprep kit. Its F. novicida DNA insert was sequenced by using the Terminator Cycle system and an ABI Prism 377 instrument at the Duke University DNA Analysis Facility. Using the program ORF Finder (40), we identified a putative open reading frame in the 2.5-kb insert that is distantly related to members of the non-specific acid phosphatase family (29) , as judged by BLASTp analysis (41) . This potential open reading frame contains a 669 DNA fragment and starts with TTG. It was amplified by PCR and cloned into the pET28b vector behind the T7lac promoter. The forward primer was 5'-GCGCGCCATGGCAAGATTTCATATC ATATTAGGTT-3'. It was designed with a clamp region, a NcoI restriction site (underlined), and a match to the coding strand starting at the putative translation initiation sites. The reverse primer was 5'-GCGCGCCTCGAGTCAATATTCTTTT TTACGATACATTAGTG-3', which was designed with a clamp region, an XhoI restriction site (underlined), and a match to the anti-coding strand including the stop codon. The PCR was performed using P f u polymerase and plasmid pXYW4 as the template. Amplification was carried out in a 100 µl reaction mixture containing 100 ng of template, 250 ng primers, and 2 units of Pfu polymerase. The reaction was started at 94°C for 1 min, followed by 25 cycles of denaturation (30 seconds at 94 °C), annealing (30 seconds at 55 °C), and extension (45 seconds at 72 °C). After the by guest on http://www.jbc.org/ Downloaded from 25th cycle, a 10-min extension time was used. The reaction product was analyzed on a 1% agarose gel. The desired band was excised and gel-purified. The PCR product was then digested using NcoI and XhoI, and ligated into the expression vector pET28b that had been similarly digested and treated with shrimp alkaline phosphatase. The ligation mixture was transformed into XL1-Blue cells and the kanamycin resistant colonies were selected on LB plates. The plasmid pET28b-LpxF was isolated and transformed into Novablue cells after the structure of the insert was confirmed by DNA sequencing. Massive overexpression of 4′-phosphatase activity was o b s e r v e d i n m e m b r a n e s o f Novablue/pET28b-LpxF, but not of Novablue/pET28b
To construct pWSK29-LpxF, pET28b-LpxF was digested using XbaI and XhoI, and the insert was ligated into the vector pWSK29 (42) that had been similarly digested and treated with shrimp alkaline phosphatase. The ligation mixture was transformed into XL1-Blue cells, and ampicillin-resistant transformants were selected on LB plates. The plasmid pWSK29-LpxF was isolated from a positive clone and transformed into M L K 1 0 6 7 ( l p x M ) to obtain MLK1067/pWSK29-LpxF. The strains and plasmids constructed in this study are summarized in Table I .
Isolation of Lipid A Species from 32 P-Labeled Cells-Typically, 20 ml LB broth cultures were labeled with 5 µCi/ml 32 P i , starting at an initial A 600 of 0.02. The 32 P-labeled cells were grown to A 600 of 1.0, harvested, and washed with phosphate-buffered saline. The pellets were resuspended in 3 ml of a singlephase Bligh-Dyer mixture (43) , incubated at room temperature for 60 min, and centrifuged to collect the pellets. The lipid A is covalently attached to the LPS in the insoluble pellets. To recover the lipid A, the pellet was resuspended in 3 ml of 12.5 mM sodium acetate, pH 4.5, containing 1% SDS, and heated at 100 °C for 30 min (35, 44) . The suspension was converted to a two-phase Bligh-Dyer system by the addition of chloroform and water. After thorough mixing, the two phases were separated by centrifugation, and the upper phase was washed once with a fresh pre-equilibrated lower phase. The lower phases were pooled and dried under a stream of nitrogen. The dried lipids were re-dissolved in chloroform, methanol (4:1, v/v). The 32 P-labeled lipid A species were spotted onto a TLC plate (10,000 cpm/lane), which was developed in the solvent of chloroform, pyridine, 88% formic acid, water (50:50:16:5, v/v/v/v). After drying, the plates were exposed to a PhosphorImager Screen overnight.
To isolate 32 P-labeled hexaacylated or penta-acylated lipid A for use as 4′-phosphatase substrates, the plates were exposed to X-ray film to locate the relevant lipid A species. The compounds were scraped off the plates, and the silica chips were extracted with a single-phase Bligh-Dyer mixture for 1 hour at room temperature. The suspension was centrifuged. The supernatant was passed through a Pasteur pipette fitted with a small glass wool plug, and converted into a two-phase Bligh-Dyer system. The two phases were separated by centrifugation. The lower phase, containing the 32 Plabeled lipid A, was dried, and the 32 Plabeled lipid A was resuspended in 50 mM potassium phosphate, pH 6, with sonic irradiation in a bath apparatus, and used for the in vitro 4′-phosphatase assay, as described above.
Preparation of 4′-Dephosphopenta-acylated lipid A and Its 1-Diphosphate Derivative-
The 4′ -dephospho-penta-acylated lipid A and its 1-diphosphate derivative were isolated from the strain MLK1067/pWSK29-LpxF and analyzed by using MALDI/TOF mass spectrometry. The cell pellets from 1 liter were extracted for 1 hr at room temperature with a single-phase BlighDyer mixture consisting of chloroform, methanol and water (1:2:0.8, v/v/v) and centrifuged. To recover the lipid A, the pellet was resuspended in 50 ml of 12.5 mM sodium acetate, pH 4.5, containing 1% SDS, and heated at 100 °C for 30 min (35, 44) . The suspension was converted to a two-phase Bligh-Dyer system by the addition of chloroform and methanol. After thorough mixing, the two phases were separated by centrifugation, and the upper phase was washed once with a fresh pre-equilibrated lower phase. The lower phases were pooled and dried under a stream of nitrogen. The lipids were dissolved in chloroform, methanol, water (2:3:1, v/v/v) and applied to a 1 ml DEAE-cellulose column (35, 44) . The lipid A was eluted in steps with increasing amounts of ammonium acetate. The 4′-dephospho-penta-acylated lipid A was observed in fractions of 30 mM ammonium acetate and its diphosphate derivative in fractions of 90 mM ammonium acetate. Both fractions were pooled and converted to a two-phase Bligh-Dyer system. The lower phase was dried and analyzed by MALDI/TOF mass spectrometry.
MALDI/TOF Mass SpectrometryMatrix-assisted laser desorption ionization/time-of-flight (MALDI/TOF) mass spectra were acquired using an AXIMA-CFR instrument from Kratos Analytical (Manchester, UK) with a nitrogen laser (337 nm), 20 kV extraction voltage, and time-delayed extraction. The samples were prepared for MALDI/TOF analysis by depositing 0.3 µl of the lipid sample, dissolved in chloroform, methanol (4:1, v/v), followed by 0.3 µl of a saturated solution of 6-aza-2-thiothymine in 50% acetonitrile and 10% tribasic ammonium citrate (9:1, v/v) as the matrix. The samples were left to dry at room temperature before the spectra were acquired in both the positive and negative ion linear modes. Each spectrum was the average of 100 laser shots.
Disc Diffusion Tests-Overnight cultures of E. coli XL1-Blue/pWSK29, MLK1067/pWSK29, XL1-Blue/pWSK29 -LpxF and MLK1067/pWSK29-LpxF were diluted into LB broth to A 600 = 0.2. Lawns of each strain were spread onto LB agar plates with a sterile cotton swab. Sterile filter-paper discs (6 mm diameter) were placed on top of the bacterial lawns, and 2 µg of polymyxin was spotted onto each disc. The plates were incubated overnight at 37 °C, and the diameters of the clear zones measured.
P1 vir Transduction of the lpxM Mutation into W3110A and WD2-To study the MsbA dependence of LpxF in living cells, we needed to construct strains that contain both the msbA and the lpxM mutations, because LpxF does not work on hexa-acylated lipid A in vivo. Therefore, the lpxM(msbB) mutation from strain MLK1067 (30, 45) was transduced into the MsbA temperature-sensitive mutant WD2 (31) . Briefly, cell pellets from 5 ml of overnight cultures of W3110A and WD2, grown at 30 °C, were resuspended in 100 µl of 100 mM MgSO 4 and 5 mM CaCl 2 , and infected with 100 µl of the P1 vir lysate of strain MLK1067 for 30 min at 30 °C (34) . Next, the cell culture was diluted into 7 ml LB broth, and 1 M citrate was added to a final concentration of 20 mM. The cells were shaken at 30 °C for 2 hrs, after which they were harvested and resuspended in 100 µl by guest on http://www.jbc.org/ Downloaded from LB broth containing 20 mM citrate. The cells were spread onto LB agar plates, containing chloramphenicol and 4 mM citrate, and incubated at 30°C for 2 days. Resistant colonies were purified, and then were tested for all relevant antibiotic markers and temperature sensitivity. The two desired constructs, W3110B and XW2 (Table 1) , were derived from W3110A and WD2, respectively.
The plasmids pWSK29 and pWSK29-LpxF were transformed into W3110B and XW2 to yield W3110B/pWSK29, W3110B/pWSK29-LpxF, XW2/pWSK29 and XW2/pWSK29 -LpxF. All four strains were grown at 30°C in LB broth, supplemented with 100 µg/ml ampicillin, until A 600 reached 1.0. Next, 10 ml portions of each culture were added to 15 ml fresh LB broth, equilibrated at 30 or 44 °C. The cells were shaken at these temperatures for another 30 min, labeled with ~ 5 µCi/ml 32 P i for 20 min, and harvested (31). The 32 P-labeled lipid A species were recovered from the solvent-extracted cell pellets by pH 4.5 hydrolysis in the presence of SDS (44) and analyzed by TLC.
Results
Lipid A 4′-Phosphatase Activity in F. novicida U112-The F. tularensis and F. novicida genomes contain the lpxK gene, which encodes the lipid A 4′-kinase (18) . The absence of the 4′-phosphate group in the lipid A molecules made by these organisms (Fig. 1) (Fig. 2A) . Rhizobium etli CE3 membranes, which also contain a 4′-phosphatase (23, 25) , were assayed in parallel. The 4′-phosphatase activity of F. novicida membranes was much higher than that of CE3, when normalized to protein (Fig. 2A) . The F. novicida 4′-phosphatase activity was linear with time and protein concentration (Fig. 2B) , and it was absent in the cytosol (Fig. 2B) . The enzyme required Triton X-100 and was stabilized by E. coli phospholipids (data not shown). Standard conditions for the quantification of the 4′-phosphatase included 0.1 mg/ml E. coli phospholipids, 0.1% Triton X-100, and 50 mM potassium phosphate, pH 6.0. The 4′-phosphatase specific activity of F. novicida U112 membranes, assayed with 10 µM [4′-
32 P]-lipid IV A as the substrate, was 10.4 nmol/min/mg.
Expression Cloning of the 4′-Phosphatase of F. novicida U112-Previous attempts to expression clone or purify the 4′-phosphatase from R. etli or R . leguminosarum were unsuccessful (25, 46) . Rhizobium promoters do not function efficiently in E. coli, and expression-cloning strategies are therefore cumbersome (46) . In contrast, efficient expression in E. coli of several F. n o v i c i d a genes from their native promoters has been reported (26, 47) . To identify the structural gene for the F. novicida 4′-phosphatase, a library of F. novicida U112 genomic DNA was constructed in the vector pACYC184 (26) and then transferred into E. coli XL1-Blue. Extracts were prepared from individual colonies of the library, pooled into groups of five, and assayed for 4′-phosphatase activity with [4′- The results of a typical screening assay are shown in Fig. 3A . Strong 4′-phosphatase activity was observed in pool #4, but not in the vector control or the other pools. Only one additional pool of the 200 that were screened displayed 4′-phosphatase activity (data not shown). Next, extracts of the five colonies contained in each of the two positive pools were assayed individually, as shown in Fig. 3B for pool #4. Only the extract derived from colony #43 was active. Likewise, only one colony was positive for 4′-phosphatase activity in the second active pool (data not shown). The relevant plasmids were then isolated from the two positive colonies and their inserts sequenced. Both were identical, and therefore only colony #43 (designated XW4), recovered from pool #4, was further characterized. The 4′-phosphatase specific activity of E. coli XW4 membranes, assayed with 10 µM [4′- Sequencing and Sub-cloning of F. novicida lpxF-The hybrid plasmid pXYW4, present in XW4, contains a 2.5-kb genomic fragment of F. novicida U112 DNA. Within this insert we found an open reading frame of 669 bp encoding a putative protein of 222 amino acids with distant similarity to the family of nonspecific acid phosphatases (29) . This open reading frame was amplified by PCR, ligated into pET28b, and transformed into E. coli Novablue to obtain Novablue/ pET28b-LpxF. Membranes were prepared from IPTG-induced cells and assayed for 4′-phosphatase activity with 10 µM [4′-
32 P]-lipid IV A as the substrate. Significant expression of 4′-phosphatase activity was seen with Novablue/pET28b-LpxF (Fig. 4, lane 4 , specific activity of 12 nmol/min/mg) but not with the vector control (Fig. 4, lane 3) . Sub-cloning of the same 669 bp open reading frame behind the lac promoter in pWSK29 yielded membranes from IPTG-induced cells with a 4′-phosphatase specific activity of 800 nmol/min/mg. The 669 bp DNA insert is therefore the probable 4′-phosphatase structural gene, which we designate lpxF. The LpxF protein displays 99% identity to the unidentified protein FTT1643c of F. tularensis Schu 4 (48), with an E value of 10 -129 (Table II) in a two-sequence BLASTp comparison (49) . The full length LpxF protein is predicted to have six membrane-spanning segments (Fig. 5) . The sequence of F. novicida LpxF has been deposited under GenBank TM accession number XXXX.
Presence of an Orthologue of LpxF in R. leguminosarum-A possible orthologue of F. novicida LpxF was identified by tBLASTn searching of the R. leguminosarum genome (Fig. 5) . The R. leguminosarum protein consists of 233 amino acid residues with six predicted membrane-spanning segments. In a pairwise sequence comparison (49), R. leguminosarum LpxF displays 33 % identity and 47 % similarity to F. novicida LpxF, with an E value of 2 x 10 -14 . Both proteins contain motif 1 and most of motif 3 of the three conserved motifs KX 6 RP--PSGH--SRX 5 HX 3 D that are generally present in members of the non-specific acid phosphatase family (29 (Fig. 1) and Kdo 2 -lipid IV A at comparable rates but only at the 4′-position. Interestingly, LpxF does not utilize hexa-acylated lipid A (Fig. 1) or Kdo 2 -lipid A, the predominant molecular species made by wild-type E. coli K-12 (see below). To study its substrate specificity in vivo, LpxF was expressed in E. coli XL1-Blue and MLK1067 (45) . The former synthesizes hexa-acylated lipid A, like E. coli K-12 W3110. The latter makes penta-acylated lipid A because of a mutation in the lpxM(msbB) gene (30) , which encodes the 3′ secondary lipid A acyltransferase (50) . Membrane proteins from XL1-Blue/pWSK29, MLK1067/pWSK29, XL1-Blue/pWSK29 -LpxF and MLK1067/pWSK29-LpxF were separated by SDS-PAGE, followed by staining with Coomassie Blue. When compared to the vector controls (Fig. 6A,  lanes 1 and 3) , an additional protein was observed in membranes of XL1-Blue/pWSK29-LpxF and MLK1067/ pWSK29-LpxF at ~ 25 kDa (Fig. 6A,  lanes 2 and 4) , the predicted size for LpxF.
To determine whether or not LpxF dephosphorylates lipid A at the 4′-position in living cells, strains XL1-Blue/pWSK29, XL1-Blue/pWSK29-LpxF, MLK1067/pWSK29 and MLK1067/pWSK29-LpxF were labeled with 32 P i for several generations. The 32 Plabeled lipid A species were then isolated and separated by TLC. Only the unmodified, wild-type hexa-acylated lipid A and its 1-diphosphate derivative were recovered from XL1-Blue/pWSK29-LpxF and the vector control XL1-Blue/pWSK29 (Fig. 6B, lanes 1 and 2) , showing that LpxF does not catalyze 4′-dephosphorylation of hexa-acylated lipid A in vivo. In contrast, two more rapidly migrating lipid A species accumulated in MLK1067/pWSK29-LpxF (Fig. 6B, lane  4) , when compared to the vector control MLK1067/pWSK29 (Fig. 6B , lane 3) . The R f s of these lpxF-dependent lipid A species are consistent with 4′-dephosphorylation of the penta-acylated lipid A species made by MLK1067. The 4 ′-dephosphorylation of lipid A in MLK1067/pWSK29-LpxF is nearly complete (> 90 %).
Selectivity of F. novicida LpxF for Penta-acylated lipid A in vitro -To confirm the selectivity of LpxF for pentaacylated lipid A under standard in vitro assay conditions, 32 P-hexa-and pentaacylated lipid A (labeled at both the 1 and the 4′ positions) were isolated from the appropriate E. coli strains, labeled uniformly with 32 P i . The radioactive lipid A species were purified by preparative TLC. Lipid A dephosphorylation was assayed using membranes of E. coli expressing F. novicida LpxF (Fig. 7) . Under matched assay conditions, membranes of XL1-Blue/pWSK29-LpxF did not dephosphorylate hexa-acylated lipid A (Fig. 7A, lane 3) but did dephosphorylate penta-acylated lipid A (Fig. 7B, lane 3) .
Mass Spectrometry of 4′-Dephophorylated Lipid A from MLK1067/pWSK29-LpxF-The apparent accumulation of 4′-dephosphorylated lipid A and its 1-diphosphate derivative in MLK1067/pWSK29-LpxF (Fig. 6 ) was confirmed by mass spectrometry (Supplementary Fig. 1 ). Lipid A species were isolated from one liter of late log phase cells and separated from contaminating phospholipids on a DEAEc e l l u l o s e c o l u m n .
T h e 4 ′ -dephosphorylated lipid A molecules bearing the 1-phosphate group (Supplementary Fig. 2A ) eluted with 30 mM ammonium acetate in the aqueous component, whereas the 4′ -dephosphorylated lipid A variant bearing the 1-diphosphate substitution ( Supplementary Fig. 2C ) emerged with 90 mM ammonium acetate. Supplementary Fig. 1A shows the negative ion MALDI/TOF mass spectrum of the lipid A that elutes in the 30 mM fraction. The predominant peak at m/z 1507. 8 
is interpreted as the molecular ion [M-H]
-of a 4′-dephosphorylated, pentaacylated lipid A (Supplementary Fig. 2A) , which is the major species expected for MLK1067/pWSK29-LpxF. The peak at m/z 1281.4 is derived from the parent ion at m/z 1507.8 by neutral loss of a hydroxymyristoyl moiety. The peak at m/z 1746.1 arises from a distinct lipid A molecule bearing an additional palmitoyl c h a i n , l i k e l y g e n e r a t e d i n MLK1067/pWSK29-LpxF by the outer membrane palmitoyl transferase PagP ( Supplementary Fig. 2B ) (51) .
The negative ion MALDI/TOF spectrum of the 90 mM ammonium acetate fraction is shown in Supplementary Fig. 1B Fig. 2A and 2B) . Supplementary Fig. 1D shows the positive ion spectrum of the lipid A species eluting with 90 mM ammonium acetate, the putative 4′-dephosphorylated, penta-acyalted lipid A variant, bearing the 1-diphosphate moiety ( Supplementary  Fig. 2C ). The peak at m/z 1610.9 ( Supplementary Fig. 1D ) is interpreted as [M + Na] + ( Supplementary Fig. 2B ), whereas the peak at m/z 1632.9 ( Supplementary Fig. 1D ) arises from the adduct ion [M -H + 2Na] + ( Supplementary Fig. 2C ). The B 1 + ion at m/z 797.3 and the B 2 + ion at m/z 1411.1 ( Supplementary Fig. 1D ) are essentially the same as in Supplementary Fig. 1C , confirming that the 1-diphosphate variant ( Supplementary Fig. 2C) (9, 52) . This resistance is probably due to the reduction of the net negative charge of the lipid A, preventing these substances from penetrating the outer membrane. The 4′-dephosphorylation of lipid A by LpxF also reduces the negative charge of lipid A. Consequently, E. coli MLK1067, expressing LpxF, might be more resistant to polymyxin than MLK1067 harboring the vector control. To test this idea, XL1-Blue/pWSK29, XL1-Blue/pWSK29-LpxF, MLK1067/pWSK29 and MLK1067/pWSK29-LpxF (Fig. 8) were evaluated with an antibiotic disc diffusion assay. Only MLK1067/pWSK29-LpxF displayed resistance to polymyxin versus its matched vector control, consistent with the fact that LpxF dephosphorylates the 4′-position of the penta-acylated lipid A in MLK1067 but not of the hexa-acylated lipid A in XL1-Blue (Fig. 6) .
LpxF Activity in Cells is Dependent upon a Functional msbA Gene-To determine whether or not the active site of LpxF faces the periplasmic surface of the inner membrane, a derivative of WD2 (aroA::Tn10 msbA2) (31) that harbors an inactivated lpxM gene was constructed by P1 vir transduction (Table 1 ). This strain, designated XW2, synthesizes penta-acylated lipid A, bearing 1 and 4′ phosphate groups, at both 44 and 30 °C, as shown by pulse labeling with 32 P i (Fig. 9 , lanes 3 and 7 respectively). The isogenic control strain W3110B, which is wild-type with respect to MsbA, synthesizes the same pentaacylated lipid A at both temperatures (Fig.  9, lanes 1 and 5) . When expressing the 4′-phosphatase from pWSK29-LpxF, W3110B synthesizes mostly 4′-dephosphorylated lipid A species at 44 and 30 °C (Fig. 9, lanes 2 and 6) . In contrast, when expressing the 4′-phosphatase from pWSK29-LpxF, XW2 does not 4′-dephosphorylate newlysynthesized lipid A efficiently at 44 °C, following the inactivation of MsbA, whereas it does so efficiently at the permissive temperature of 30 °C (Fig. 9,  lanes 4 and 8, respectively) . The MsbAdependence of lipid A 4′ -dephosphorylation in living cells provides very strong evidence that the active site of the 4′-phosphatase faces the outer surface of the inner membrane, as previously demonstrated for the 1-phosphatase, LpxE (26) .
Discussion
Many Gram-negative bacteria, including strains of Francisella (6,7), Rhizobium (20) (21) (22) , Leptospira (53) and Helicobacter (28, 54) , synthesize lipid A molecules lacking one or both of the characteristic phosphate substituents present in E. coli or Salmonella lipid A (Fig. 1) (9) . Absence of phosphate groups is expected to attenuate the potency of lipid A as an activator of innate immunity (13, 17) and to confer resistance to cationic anti-microbial peptides (27) . All organisms with phosphate-deficient lipid A molecules nevertheless contain the enzymes that synthesize phosphorylated lipid A precursors, such as lipid IV A (Fig.  1) and Kdo 2 -lipid IV A , as first demonstrated with membranes of R . leguminosarum and R. etli (55) , and later confirmed by genome sequencing. These observations indicated that selective lipid A phosphatases must exist in some bacteria, presumably functioning at a later stage of lipid A assembly (23, 24) .
We have previously demonstrated the presence of distinct lipid A 1-and 4′-phosphatases in membranes of R . leguminosarum (23, 24) and F. novicida (26) . The lipid A 1-phosphatase of both organisms has been expression cloned and characterized (26, 27) . Heterologous expression in E. coli and Salmonella causes nearly complete 1-dephosphorylation of lipid A (26) . The activity of the 1-phosphatase in living E. coli cells is dependent upon the proper functioning of the ABC transporter MsbA, the inner membrane flippase for LPS (26) . The active site of the 1-phosphatase must therefore face the periplasmic surface of the inner membrane. When assayed in vitro in the presence of a non-ionic detergent, however, the 1-phosphatase is not MsbA-dependent (26) . It also does not dephosphorylate the lipid A 4′-position or unrelated glycerophospholipids (26, 27) .
We have now expression cloned the first example of a lipid A 4′-phosphatase. Like the 1-phosphatase (LpxE), the 4′-phosphatase (LpxF) is MsbA-dependent when expressed in E. coli, indicating that its active site also faces the periplasmic surface of the inner membrane (Fig. 9) . Both LpxE and LpxF are predicted to contain six membranespanning segments (Fig. 5 ), but they show little or no sequence similarity to each other when aligned with the BLASTp or PSI-BLAST algorithms (41) . When assayed in vitro in the presence of a nonionic detergent, LpxF is not MsbAdependent, and it does not attack the lipid A 1-phosphate group (Fig. 4) .
In contrast to the 1-phosphatase, the Francisella 4′-phosphatase does not utilize hexa-acylated E. coli lipid A as a substrate (Figs. 6 and 7) , possibly because of steric hindrance caused by the 3′ secondary myristoyl chain in the vicinity of the 4′-phosphate group (Fig. 1A) . The R. leguminosarum 4′-phosphatase shows a similar selectivity for tetra-or pentaacylated lipid A molecules, consistent with the fact that this strain does not incorporate a secondary acyl chain at the 3′-position of its lipid A (21, 22) . LpxF can function in E. coli only when the 3′ secondary myristoyl chain is absent, as is the case in LpxM mutants (Figs. 6 and 7 and Supplementary Figs. 1 and 2 ). Organisms like Leptospira interrogans and Helicobacter pylori, which synthesize hexa-acylated lipid A species lacking the 4 ′-phosphate group (28,53), do not possess LpxF orthologues. These findings suggest that additional, as yet unidentified, 4′-phosphatases exist in those organisms that have evolved to accommodate the presence of the secondary 3′ acyl chain.
Many lipid phosphatases, including LpxE (26) , possess three conserved sequence motifs, KX 6 RP----PSGH----SRX 5 HX 3 D (29), which are also found in mammalian glucose-6 phosphatases (56). The conserved histidine residue in motif 3 is proposed to attack the phosphate group of the substrate to generate a phospho-enzyme intermediate (29) . The distantly related, soluble acid phosphatase of Escherichia blattae has been crystallized in the presence of molybdate (57) . The X-ray structure reveals that the molybdate in motif 3 is covalently attached to the histidine residue (57) . The conserved lysine and arginine residues in motif 1 are situated near the molybdate and may normally function to bind the phosphate group of the substrate (57) . The conserved histidine residue in motif 2 may be the proton donor for the leaving group of the substrate (57) . The replacement of this histidine residue by an alanine in glucose-6-phosphatase results in a loss of enzymatic activity (56) .
LpxF contains motif 1 and most of motif 3, but motif 2 (PSGH) is missing and apparently is substituted by the sequence NCSFX 2 G (see below). The absence of a histidine residue in this motif suggests that LpxF uses a different catalytic mechanism than LpxE. It may be relevant LpxF functions not only as a lipid A 4′-phosphatase but also as a 4′-phosphotransferase, generating phosphatidylinositol [ 4 - 32 P]-phosphate from phosphatidylinositol and Kdo 2 -[4′- Table II . The lipid A structures of most of these bacteria have not been characterized. However, these LpxF orthologues all share the KX 4 RXRP----NCSFX 2 G----RX 3 GXHX 3 D motifs. To study the mechanisms of LpxE and LpxF, it will be necessary to purify both proteins, perform site-directed mutagenesis and characterize their structures.
The observation that 4′ -dephosphorylation of lipid A happens on the periplasmic surface of the inner membrane (Fig. 9) is consistent with the fact that the 4′-phosphate group of lipid A is necessary for the attachment of the Kdo disaccharide (58) , which occurs on the cytoplasmic side of the inner membrane. The 4′-phosphate group may also be needed for efficient flipping by MsbA of nascent lipid A and its attached core sugars (59). The conservation of the constitutive lipid A pathway, which generates phosphorylated Kdo 2 -lipid A (9), may therefore reflect critical LPS assembly events at the inner rather than at the outer membrane. Once exported, however, diverse structural modifications of lipid A, including dephosphorylation (23, 26) , deacylation (60) , and polar group attachments (61) (62) (63) , are permissible. Some of these modifications can be introduced into E. coli by heterologous expression of the appropriate modification enzyme(s) (26, 61) .
LpxE and LpxF may be very useful as reporters for measuring MsbAcatalyzed LPS flip-flop in inverted inner membrane vesicles. These enzymes have the advantage that water, which is available on both sides of the membrane, is their only required co-substrate. MsbAmediated flip-flop would allow Kdo 2 -[4′- "Monophosphoryl lipid A" (MPL) has recently been developed as an adjuvant for use in human vaccines, given its ability to induce antigen-specific primary immune responses (16, 17, 64) . The commercially available MPL preparations all lack the lipid A 1-phosphate group, since they are obtained from Salmonella LPS by mild acid hydrolysis (16, 17) . LpxE can also be used to synthesize MPL efficiently (26) , either in vitro or in living cells. It can even be used to prepare 1-dephospho-Kdo 2 -lipid A when expressed in the heptose-deficient mutant WBB06 (26) . Selective cleavage of the 1-phosphate group with retention of the Kdo disaccharide is not possible with mild acid treatment (14). The availability of LpxF now makes it possible to generate the isomeric 4′-dephospho-lipid A variant of MPL, provided that tetra-or pentaacylated lipid A species are used as the LpxF substrates. It will be interesting to explore these substances as alternative adjuvants. The use of LpxE and LpxF, in conjunction with other lipid A modifying enzymes, such as PagL (60), PagP (51), LpxQ (65) and LpxO (66) , will provide many additional options for preparing novel lipid A-based adjuvants or for generating live bacterial vaccines with altered lipid A structures.
The biological activities of lipid A are thought to require the binding of its negatively-charged phosphates groups to cationic amino acid side chains on key binding proteins and receptors (67, 68) . The reduced negative charge of dephosphorylated lipid A species may limit the detection of bacteria by the innate immune system. Less negativelycharged lipid A molecules can also confer resistance to cationic antimicrobial peptides and polymyxin (Fig. 8 ). It will be important to determine whether or not Francisella mutants lacking LpxE or LpxF have altered virulence properties and polymyxin sensitivity. Similarly, the isolation and characterization Rhizobium mutants lacking LpxE and/or LpxF should provide insights into the role of lipid A structure during symbiosis with plants. Conserved residues are in bold type. The predicted LpxF proteins share two of the three motifs that are common to the lipid phosphate phosphatase family, which are underlined. However, the NCSFX 2 G motif, which is indicated with an asterisk, appears to be LpxFspecific. The E value in a two-sequence comparison is only 2x10 -14 . Related LpxF orthologues in other organisms are listed in Table II 32 P in these substrates, both the 4′-dephosphorylated lipid product and the released inorganic phosphate are detected. The schematic lipid A structures are as described in Fig. 6 . 
